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Abstract: We study the generation of an electromagnetic current in monolayer graphene immersed
in a weak perpendicular magnetic field and radiated with linearly polarized monochromatic light.
Such a current emits Bremsstrahlung radiation with the same amplitude above and below the
plane of the sample, in the latter case consistent with the small amount of light absorption in the
material. This mechanism could be an important contribution for the reflexion of light phenomenon
in graphene.
Resumen: Estudiamos la generacio´n de una corriente electromagne´tica en una monocapa de grafeno
inmersa en un campo magne´tico de´bil perpendicular y radiada con luz monocroma´tica. Esta corri-
ente emite radiacio´n de Bremsstrahlung con la misma amplitud por arriba y abajo del plano de la
muestra, en el u´ltimo caso consistente con la pequen˜a cantidad de absorcio´n de luz en el material.
Este mecanismo puede ser una contribucio´n importante para el feno´meno de reflexio´n de luz en
grafeno.
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Graphene [1, 2] continues to provide an excellent labo-
ratory to explore fundamental physics, let alone its tech-
nological applications (see, for instance, Ref. [3]). The
gapless pseudo-relativistic Dirac nature of it charge car-
riers at low energies is responsible for many of the out-
standing properties of this 2 dimensional (2D) crystal
that has given rise to a new era of materials science [4].
High electric and thermal conductivity, stiffness and flex-
ibility of graphene flakes are a few examples in this con-
nection. On top of these properties, the transparency
of its membranes is remarkable: Only 2.3% of visible
light is absorbed by a single membrane [5]. This rate
has been verified under a number of experimental con-
ditions [6]. On the other hand, many theoretical ap-
proaches have been used in the past to explain the rate
of light absorption in graphene including quantum field
theoretical methods [7–12]. Yet, the underlying mech-
anism that explains light absorption is less transpar-
ent. In this communication, we explore the possibil-
ity for such a mechanism to be explained in terms of
Bremsstrahlung radiation. The issue of Bremsstrahlung
in graphene has recently been addressed [13–15]. Here
we consider the situation where a graphene membrane is
located in the z = 0 plane and is subjected to a weak
magnetic field of strength B oriented perpendicularly to
the sample, and then is radiated with an electromagnetic
plane-wave, monochromatic (frequency ω) and linearly-
polarized, traveling from the top (z > 0). The vector
potential describing this plane-wave is
Aµ(r) = −gµ2E0
iω
ei(kz+ωt) , (1)
such that the electric field E (intensity E0) is oriented
in the y direction. We use the metric tensor g =
diag(1,−1,−1,−1) and units where h¯ = c = 1 and, there-
fore, k = ω in vacuum. In this form,
E = E0 yˆ e
iω(z+t), B = E0 xˆ e
iω(z+t). (2)
The electric current generated in the graphene sample
induced by the external electromagnetic wave is defined
through the polarization tensor as
jµ(r) =
∫
d4r′ Πµν(r − r′)Aνpl(r′) . (3)
Here, Apl(r) = A
∗(r)δ(z) is the conjugated vector poten-
tial constrained to the plane, and Π is the polarization
tensor, also constrained to the membrane. For weak ex-
ternal magnetic fields, it is defined in momentum space
as [10]
Πµν(p) = i
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(4)
where p˜a = ηaµpµ and g
ab = ηaµgµνη
νb, being the pro-
jector matrix ηaµ is
[η]bν =
 1 0 0 00 vF 0 0
0 0 vF 0
 . (5)
Notice that η slightly differs from the definition in [7–
11]. Here, it also acts as a projector in Lorenz in-
dexes into the graphene plane. In our conventions, along
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2FIG. 1: Displaced poles for Aradµ and the contour of integra-
tions chosen to enclose each pole. The chosen contour, above
or below the real axis in the complex pz plane, produces
a traveling wave propagating above or below the graphene
membrane.
the graphene membrane we use g⊥ = diag(0,−1,−1)
and p˜⊥ = (0, vF px, vF py). With these definitions, it is
straightforward to find that
jµ(r) = −gµ2E e−iωtδ(z) , (6)
where
E = E0
αpi
2
[
1− 4
(
eB
ω2
)2]
. (7)
From the above results, following Ref. [16], the radi-
ated electromagnetic field can be obtained by solving
Maxwell’s equations in Lorentz gauge ∂2Aradµ (r) = jµ(r),
which in Fourier space correspond to −p2Aradµ (p) =
jµ(p). The radiated electromagnetic vector potential
Arad is then the inverse inverse Fourier transformation
of −jµ(p)/p2. The integral involved to obtain it is ill-
defined, as it contains poles on the real axis. In accor-
dance to the prescription of retarded boundary condi-
tions, we consider displacing the poles slightly from the
real axis in the form shown in Fig. 1. After the inte-
gration in the p0, px and py components, the radiation
vector potential is
Aradµ (r) = −gµ2E
∫
dpz
2pi
ei(pzz−ωt)
p2z − ω2 − i
. (8)
Furthermore, selecting the contour of integration as
shown in Fig. 1, integrations over momentum compo-
nents are readily done. We thus can identify the emitted
radiation above (+) and and below (−) the plane as
Arad (±)µ (r) = gµ2
E
2iω
eiω(±z−t) . (9)
The corresponding emitted electromagnetic fields are,
therefore,
E+ = (E/2) yˆ e
iω(z−t) (10)
B+ = (E/2) xˆ e
iω(z−t)+ipi, (11)
E− = (E/2) yˆ e−iω(z+t), (12)
B− = (E/2) xˆ e−iω(z+t). (13)
We can straightforwardly see that the emitted wave be-
low and above the plane carry half of the re-emitted
intensity. Thus, the total radiated energy density is
E = E2/2. Although the electric component of the wave
emission in the upper side of the sample is the same in
the lower side, the magnetic component of the emitted
wave acquires a phase shift of pi. The radiated emis-
sion diminishes as the external magnetic field strength
increases, reflecting the tendency of the magnetic field to
deflect charged-particles trajectories.
The experimental measurements of perpendicularly in-
cident light on graphene [5, 6] as well as the theoretical
description [7–11] coincide in that the order of the opac-
ity rate is ∼ α. The experimental arrangement is basi-
cally radiation from the top, detection from the bottom,
and comparison between them (transparency). The the-
oretical description, in turn, accounts for the absorption
rate. But none of this assumptions make explicit refer-
ence to the reflection rate. In this work we describe the
re-emission of light by Bremsstrahlung, half transmitted
and half reflected. The reflected amount is of order α2,
much lower than the experimental detection of light opac-
ity. However, there is not much done in order to detect
perpendicular reflection and theoretical estimations [17]
reproduce null reflection when the incident beam is per-
pendicular to the graphene layer. Bremsstrahlung at the
moment could be the main mechanism responsible for
perpendicular light reflection.
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